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Common-mode current on cable harnesses is often the primary source of radiated 
emissions below several hundred megahertz. It is difficult, however, to estimate common-
mode currents that will occur in a system from component level tests because the common-
mode impedances are different in the system. Research presents two methods for using 
simple component level tests to estimate equivalent common-mode source voltages and 
source impedances responsible for generating common-mode current. Key to these 
methods is assuming the harness can be represented with two transmission lines, one 
terminated with a short and one with an open. Equivalent sources are predicted for those 
circuits terminated with an open and those terminated with a short. This source information 
can be used to predict the common-mode currents on harnesses of different lengths or 
characteristic impedance.  
In the first method, source characteristics are found from the magnitude of the 
common-mode current measured at multiple locations along the harness while varying the 
component height above the return plane (i.e. by varying the common-mode source 
impedance). In the second method, a characterization board is used which is connected to 
the DUT to measure the common-mode source voltages and impedances. Common-mode 
source measurements are made for groups of pins sorted by known load information, i.e. 
those pins whose loads are small compared to the characteristic impedance of the 
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1. INTRODUCTION 
The ability to anticipate system-level electromagnetic emissions problems early in 
the design process is critical to the design of complex modern vehicles. Problems found 
when the system is being integrated, may be expensive and time-consuming to solve, and 
solutions may negatively impact design constraints like cost, size, or weight. While 
prediction of system-level radiated emissions early in the design stage is beneficial, it is 
challenging because results from component-level tests rarely fully anticipate emissions at 
the system-level. Differences between the harness configuration in the component-level 
test and in the system can dramatically change the common-mode currents on the harness 
and thus the emissions. 
The objective of the research is to develop a methodology which uses a few 
component-level measurements to estimate common-mode currents up to a few hundred 
megahertz on harnesses of arbitrary length and transmission line characteristics. Estimates 
are made by assuming that loads can be grouped depending on the size of their impedances 
and an equivalent circuit can be assigned to each group. The equivalent circuits can be used 
to estimate common mode currents on harnesses. Research demonstrates two methods to 
find the equivalent source characteristics of each equivalent common-mode circuit. Results 




I. EXPERIMENTAL CHARACTERIZATION OF THE COMMON-MODE 
CURRENT SOURCES IN A CABLE HARNESS 
S. Walunj 
Department of Electrical Engineering 
Missouri University of Science and Technology 




Common-mode current on cable harnesses is often the primary source of radiated 
emissions below several hundred megahertz. It is difficult, however, to estimate common-
mode currents that will occur in a system from component level tests because the common-
mode impedances are different in the system. Here, a method is proposed to use simple 
component level tests to estimate equivalent common-mode source voltages and source 
impedances responsible for generating common-mode current. This source information can 
be used to predict the common-mode currents on harnesses of different lengths or 
characteristic impedance. The common-mode load impedances are assumed to be 
approximately open or short compared to the characteristic impedance of the harness. 
Equivalent sources are predicted for those circuits terminated with an open and those 
terminated with a short. Source characteristics are found from the magnitude of the 
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common-mode current measured at multiple locations along the harness while varying the 
component height above the return plane (i.e. by varying the common-mode source 
impedance). The proposed method was used to predict the common-mode current on multi-
wire harnesses of different lengths. The common-mode current was predicted within a few 
decibels except at frequencies where the harness was resonant during source estimation. 
Keywords: equivalent source, cable harness, common-mode current, radiated emissions, 
prediction. 
1. INTRODUCTION 
It is better to predict radiated emissions early rather than later in the design process 
because countermeasures are easier and cheaper to implement if the system does not pass 
the test [1] - [3]. While components are typically tested for emissions in the very early 
stages of the system design, their passing the emissions test does not guarantee that the 
system will also pass [4], [5]. Because the setup used to test the components differs from 
the system-level setup, the common-mode current on the harness is also different between 
the two. This difference is a major reason for the uncertainty in predicting system-level 
radiated emission from component-level measurements. An approach to predict system-
level radiated emissions using simple component-level measurements is needed. Such a 
method could help engineers to plan and build robust systems by detecting and fixing issues 
early in the design stages. 
The objective of the following paper is to develop a method to estimate equivalent 
sources driving common-mode current on harness bundles. The method should use only a 
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few relatively simple measurements of the magnitude of the common-mode current in a 
component level test. Once found, these sources can be used to predict the common-mode 
current on a wide variety of harness configurations. The radiated electromagnetic 
emissions can be found accurately from simulations once the common-mode currents are 
known [4]-[10].  
The method is based on many of the same concepts as the generalized equivalent 
cable bundle method [4], [5], [11], [12]. The spatial distribution of common-mode current 
on a transmission line is determined by the termination impedance. For many common-
mode circuits, this termination is much larger or much smaller than the characteristic 
impedance of the transmission line, and thus approximates an open or short. As such, the 
many common-mode circuits in a harness can be lumped into a few groups depending on 
the size of their terminations relative to the characteristic impedance of the transmission 
line. An equivalent source can be found to approximate the total common-mode current 
within each group. This approach was developed to reduce simulation complexity by 
reducing the number of represented circuits. The reduction technique assumes full 
knowledge of the common-mode circuit associated with each wire in the harness bundle, 
which may be difficult to find in practice.  
The methodology presented in the following paper represents the common-mode 
current using only a few equivalent sources so that the sources can be characterized using 
only a few measurements. A similar approach to the one presented here was used in [13], 
but required accurate measurement of both the magnitude and phase of the common-mode 
current. Accurate measurement of the phase is tricky, especially when one must know the 
phase difference between currents for two different harness configurations. The approach 
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in [13] also required measurement of current for two different harness lengths, which may 
be difficult to obtain due to the difficulty of manufacturing complex harnesses. 
The method presented here only requires measurement of the magnitude of the 
common-mode current, and uses changes in the height of the source above the return plane 
(i.e. changes in source impedance) to characterize the source rather than changes in harness 
length. The approach was also extended to allow a least mean square estimate of the source 
characteristics, which reduces the impact of measurement errors. The methods and 
formulas for estimating equivalent sources will be presented, along with a validation of the 
methodology in simulated harness models. Results show the potential of the approach for 
estimating common-mode currents in a variety of harnesses.  
2. EQUIVALENT COMMON-MODE MODEL 
During component level tests, the harness is connected between the component and 
load and placed over a metal return plane. The proposed method is derived from the 
characteristics of the transmission line formed by the harness and return plane.  
2.1. THE EQUIVALENT CIRCUIT 
Each wire in a harness has a source, source impedance and load, as shown in Figure 
1a. In many circumstances (and those that generate the largest common-mode currents), 
the loads are much larger or much smaller than the characteristic impedance of the 
transmission line, and can be approximated as opens or shorts. This assumption is 
particularly relevant for capacitive or inductive common-mode terminations, where their 
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impedances are generally much smaller or larger than the characteristic impedance of the 
harness over a large frequency range.  
The collection of common-mode circuits in Figure 1a can be approximated with 
two equivalent circuits as shown in Figure 1b. One circuit is terminated with an ideal open 
while the other with an ideal short. The proposed technique calculates the equivalent source 
voltages and impedances for both equivalent circuits along with the relative phase between 
the source voltages. The two equivalent sources generate roughly the same common-mode 






Figure 1. Common-mode circuit representing the harness. a) Original multi-wire harness. 




2.2. THE EQUIVALENT SOURCE 







𝑒−𝑗𝛽𝑧 ,                                       (1) 
where 𝛤𝐿 and 𝛤𝑆 are the reflection coefficients at the load and source, respectively, 𝑉𝑠 is the 
source voltage, 𝑍𝑠 is the source impedance, 𝛽 is the propagation constant, 𝑙 is the length of 
the transmission line, 𝑧 is the location along the transmission line, and 𝑍𝑐 is the 
characteristic impedance of the transmission line. This equation can be simplified in form 
by equating 
𝑞 ≡ 𝛤𝐿𝑒





                                                   (3) 
giving 
𝐼(𝑧) = 𝜒(𝑒−𝑗𝛽𝑧 − 𝑞𝑒𝑗𝛽𝑧).                                           (4) 
The total common-mode current, 𝐼𝑐𝑚(𝑧), generated by the two equivalent circuits 
in Figure 1b is the sum of common-mode current generated by the circuit terminated with 
an open,  𝐼𝑜𝑝𝑒𝑛(𝑧), and the current generated by the circuit terminated with a 
short,  𝐼𝑠ℎ𝑜𝑟𝑡(𝑧), 
𝐼𝑐𝑚(𝑧) = 𝐼𝑜𝑝𝑒𝑛(𝑧) + 𝐼𝑠ℎ𝑜𝑟𝑡(𝑧).                                          (5) 





𝑗𝛽𝑧),                     (6) 
where 𝜒𝑜, 𝑞𝑜,  𝜒𝑠 and 𝑞𝑠 are coefficients for the equivalent circuits terminated with an 
open and short respectively. 
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The magnitude of the common-mode current is determined by 𝜒𝑜, and  𝜒𝑠, which 
are dependent on the source voltage, the characteristic impedance of the transmission line, 
and the source and load impedances. The characteristics of the source can thus be found 







𝑗𝛽𝑧)|2.                     (7) 
Expressing 𝜒𝑜 and 𝜒𝑠 as 
𝜒𝑜 = 𝑎 + 𝑗𝑏 and 𝜒𝑠 = 𝑐 + 𝑗𝑑,                                            (8) 






2𝐵𝑖 + (𝑏𝑐 − 𝑎𝑑)𝐶𝑖,                          (9) 
where 
    𝐴𝑖 = 𝑠𝑖𝑛
2 𝛽 (𝑧𝑖 − 𝑙),  𝐵𝑖 = 𝑐𝑜𝑠
2 𝛽 (𝑧𝑖 − 𝑙),  𝐶𝑖 = 𝑠𝑖𝑛 2 𝛽(𝑧𝑖 − 𝑙)             (10) 
and |𝐼𝑐𝑚(𝑧𝑖)| is the measured magnitude of common-mode current at locations 𝑧𝑖 along 
the harness length. 
Coefficients |𝜒𝑜|
2, |𝜒𝑠|
2 and the value of (𝑏𝑐 − 𝑎𝑑) in (9) can be found from 
    [|𝜒𝑜|
2, |𝜒𝑠|
2, 𝑏𝑐 − 𝑎𝑑]𝑇 = (𝑀𝑇𝑀)−1𝑀𝑇𝑁,                                (11) 
where 
𝑁 = [𝑛1, . . . , 𝑛𝑡]
𝑇 , 𝑡 ≥ 3                                                  (12) 





2,                                                          (13) 







].                                                             (14) 
At least 3 measurements (𝑡 ≥ 3) are required to find the coefficients in (11). Equation (11) 
will produce a least-mean-square estimate when more than 3 measurements are used. 
Equation (11) determines |𝜒𝑜| and |𝜒𝑠|, but the values of |𝜒𝑜| and |𝜒𝑠| are needed 
for at least three harness configurations to determine the common-mode source voltage and 
the source impedance. The harness configuration can be changed by changing the harness 
length [13], but doing so requires that a new harness be built. Here, we investigate adding 
an impedance in series with the source instead. This method is more straight forward, 
though has some limitations as will be discussed later.  
To add an impedance in series with the source, the component under test can be 
lifted to produce a parasitic capacitance between the enclosure and the ground plane as 
shown in Figure 2. The value of the capacitance depends on the height of the component 
above the reference plane, and can be easily measured. The impedance of the capacitor is 
defined here as 𝑍𝑐𝑎𝑝,𝑚, where m specifies the measurement number. At least three 
measurements of common-mode current along the harness are required for each value of 
capacitance to define the values of |𝜒𝑜| and |𝜒𝑠|. Thus, a minimum of 9 measurements (3 
components heights x 3 current measurements/height) are required to characterize the 
source. 





 ,                           (15) 
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where 𝑚 = 1, 2, 3 represents three different capacitance values, and Vs,o and Zs,o are the 
equivalent source voltage and source impedance for the circuits terminated with an open. 
 
 
Figure 2. Adding capacitance between component and reference plane. 
 





















,                                     (18) 
and denote the source impedance 𝑍𝑠,𝑜 as 
𝑍𝑠,𝑜 = 𝑥𝑜 + 𝑗𝑦𝑜 − 𝑍𝜏,𝑜 .                                          (19) 
Solving (15) - (19) gives 














                         (20) 
and 








− 𝑦𝑜2.                      (21) 
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The source voltage is then be found from (15) as 
|𝑉𝑠,𝑜| = |𝜒𝑜,3||1 − 𝑞𝑜||𝑍𝑠,𝑜 + 𝑍𝑐𝑎𝑝,3 + 𝑍𝜏,𝑜|.                           (22) 
Similar equations can be used to find the equivalent source impedance, 𝑍𝑠,𝑠, and source 
voltage, 𝑉𝑠,𝑠, for those circuits terminated with a short.  
Equation (22) only finds the magnitude of the source voltage and not the phase. The 
relative phase between 𝑉𝑠,𝑜 and 𝑉𝑠,𝑠 is necessary to predict the correct current distribution. 
Assuming the phase of 𝑉𝑠,𝑠 is 0°  and setting the phase of 𝑉𝑠,𝑜 as 𝜃°, the relative phase can 
be found from (22) as 
𝜃 = ∠ (
𝑉𝑠,𝑜
𝑉𝑠,𝑠
)     = ∠ (
𝜒𝑜,3
𝜒𝑠,3
) + ∠ (
1 − 𝑞𝑜
1 − 𝑞𝑠
) + ∠ (
𝑍𝑠,𝑜 + 𝑍𝑐𝑎𝑝,3 + 𝑍𝜏,𝑜
𝑍𝑠,𝑠 + 𝑍𝑐𝑎𝑝,3 + 𝑍𝜏,𝑠
) 
 = 𝑡𝑎𝑛−1 (
𝑏𝑐−𝑎𝑑
𝑎𝑐+𝑏𝑑
) + ∠(𝑗 tan 𝛽𝑙) + ∠ (
𝑥𝑜+𝑗𝑦𝑜+𝑍𝑐𝑎𝑝,3
𝑥𝑠+𝑗𝑦𝑠+𝑍𝑐𝑎𝑝,3
)              (23) 
where, 𝑏𝑐 − 𝑎𝑑 is given by (11) and 𝑎𝑐 + 𝑏𝑑 is given by 




− (𝑏𝑐 − 𝑎𝑑)2.                                (24) 
Parameter 𝑎𝑐 + 𝑏𝑑 has two roots. Assuming 𝑇 = |
(𝑏𝑐−𝑎𝑑)
(𝑎𝑐+𝑏𝑑)
| the arctangent can have four 
solutions: arctan (𝑇), arctan (−𝑇), arctan (𝑇) − 𝜋, arctan(−𝑇) + 𝜋. Only one solution is 
correct. The correct value of 𝜃 is assumed to be the one which minimizes the error in the 
predicted common-mode current given by 
Error = ∑ (|𝐼𝐶𝑀




2,                                 (25) 
where 𝐼𝐶𝑀
′ (𝜃, 𝑧𝑖) is the common-mode current predicted by the equivalent circuit model 
using one of the possible values of relative phase and 𝐼𝐶𝑀(𝑧) is the measured current.  









The proposed methodology was validated through simulation. The test structure 
was a 1.2 m long multi-conductor harness placed 5 cm above a return plane as shown in 
Figure 4. The harness consisted of five wires, each having its own source. Two of the five 
wires were terminated with an ideal open and three were terminated with an ideal short. 




Figure 4. Measurement setup for common-mode current. 
 
Common-mode current on each wire in the harness was obtained from SPICE 
circuit simulations. The total common-mode current was calculated as the sum of the 
currents on the wires in the harness. The total common-mode current was found at seven 
equidistant locations along the harness length from the source to the load. Three different 
configurations were generated by first placing the source enclosure on the return plane 
(Zcap=0), then “raising” the source to create a 10 pF capacitance and a 70 pF capacitance 
between the enclosure and return plane. 
 










Wire-1 2 0 10+20i Open 
Wire-2 8.1 30 50+40i Open 
Wire-3 5.9 0 1000+100i Short 
Wire-4 10.8 -20 1500+140i Short 





Figure 5 shows the estimated values of the source impedances and the source 
voltages as a function of frequency from 20-200 MHz. The “expected” values are those 
that would best represent the current generated by the common mode sources in Table 1 














Agreement between the expected and estimated source parameters are within 3 dB 
except around 60, 120 and 180 MHz, where the 1.2 m transmission line is a multiple of a 
quarter wavelength. At these frequencies the impedance looking into the transmission line 
is an “open” for those circuits terminated with an open or a short (depending on frequency), 
and produces no common-mode current from which to estimate the source. The estimated 
source is otherwise roughly constant with frequency, as is expected from the sources and 
loads in Table 1. 
The common-mode current at the near-end of the 1.2 m harness is shown in Figure 
6 as a function of frequency for both the original harness and as predicted by the estimated 
equivalent model. The equivalent model closely predicts the simulated currents (within less 
than 1 dB). A close prediction for this harness length is expected, since the equivalent 
circuit was built by “fitting” the current for this harness. 
 
 
Figure 6. Simulated and predicted common-mode current on a 1.2 m harness. 
 
The sources estimated from current on a 1.2 m harness were also used to predict 
common-mode currents on a 2.0 m long harness as shown in Figure 7. The predicted 
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currents were within 3 dB of the simulated currents except at roughly 60, 120, and 180 










Figure 7. Predicted and simulated common-mode current:  a) at the near-end b) at the far-
end of the 2.0 m harness. 
 
 
The errors at 60, 120, and 180 MHz are a natural consequence of estimating the 
equivalent sources from currents on a single harness. The analytic formulations given in 
(20)-(25) make it possible to estimate the equivalent source using the magnitude of 
common-mode current, but are only valid for a single harness length. Other analytic 
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formulations for the source that utilize multiple harness lengths different require both the 
magnitude and phase of the current. If a better estimate of the sources is required, but only 
the magnitude of current can be measured, the sources could be estimated using (20)-(25) 
for two harness lengths and then the two estimates combined using a weighted average. 
The weighted average should maximize the contribution from the harness with a large 
common-mode current and minimize the contribution with a small common-mode current, 
since the source can not be measured well when the current is very small. For example, if 
measurements were made on a 1.2 m and 1.8 m long harness, an improved estimate of the 












∗ 𝑉𝑠𝑠12   +
𝐼18𝑠ℎ𝑜𝑟𝑡
𝐼12𝑠ℎ𝑜𝑟𝑡+𝐼18𝑠ℎ𝑜𝑟𝑡
∗ 𝑉𝑠𝑠18                          (27) 
where 𝑍𝑠𝑠,𝑒𝑞 and 𝑉𝑠𝑠,𝑒𝑞 are the equivalent source impedance and source voltage found from 
the weighted average, 𝐼12𝑠ℎ𝑜𝑟𝑡 and 𝐼18𝑠ℎ𝑜𝑟𝑡 are the currents inferred on the 1.2 m and 1.8 m 
circuits terminated with a short, respectively, 𝑍𝑠𝑠12 and 𝑉𝑠𝑠12 are the estimated source 
impedance and voltage for the 1.2 m harness,  and 𝑍𝑠𝑠18 and 𝑉𝑠𝑠18 are the estimated source 
impedance and voltage for the 1.8 m harness.   
 Values for the source impedances and sources voltages found using the weighted 
averages in (26)-(27) are shown in Figure 8. The common-mode current found using this 
source at the near and far end of a 2.0 m harness is shown in Figure 9. While some errors 
persist at resonant frequencies, the impact of the resonances is substantially mitigated.  The 










Figure 8. Estimated and expected values of:  a) the magnitude of the source impedance, 













Figure 9. Predicted and simulated common-mode current at:  a) the near-end and b) the 
far-end of the 2.0 m harness. 
4. DISCUSSIONS AND CONCLUSIONS 
A significant advantage of the proposed technique is that it requires relatively few, 
relatively simple common-mode current measurements during component-level tests to 
characterize the common-mode sources. Once know, these common-mode sources can be 
used to predict common-mode currents generated for a number of other harness 
configurations, and thus can be used to predict system-level radiated emissions problems 
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early in the design process. Only the magnitude of the common-mode current is required 
which makes the measurement process much easier and faster. At least nine measurement 
are required for the technique to work, though additional measurements can improve the 
prediction accuracy and reduce the impact of measurement errors. 
The proposed method varies the height of the source enclosure above the return 
plane to vary the impedance driven by the common-mode circuit and generate the data 
needed to estimate the source. Changing the height of the source is relatively easy and it is 
easy to measure the value of the added impedance. Care must be taken, however, as the 
added capacitance can cause common impedance coupling between the shorted and open-
ended circuits, which is not accounted for in (20)-(25). This limitation should be recognized 
if using this method to characterize the source. Further work is needed to account for this 
common-impedance coupling 
The proposed technique was shown to work well using simulated data. Further 
work is needed to validate the technique using real-world measurements of an actual 
component. 
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ABSTRACT 
Prediction of common-mode currents in cable harnesses is essential for predicting 
radiated emissions from automotive systems. Predicting common-mode currents in the 
system from component-level tests is difficult, however, as the common-mode current 
changes dramatically form the component setup to the system because the common-mode 
impedances in the two configurations are different. Characterization of the common-mode 
sources in the component is essential for prediction of system-level common-mode current. 
A simple measurement-based approach for characterizing the common-mode sources is 
proposed which may be used when the common-mode load impedances are known. 
Common-mode source measurements are made by grouping sources together by their load 
and measuring the effective source voltage and impedance for the group through a 
characterization board. The method was validated by characterizing the sources of an 
engine controller and then predicting common-mode currents on harnesses of different 
lengths, and thus different load common-mode impedance. The worst error between the 
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predicted and measured common-mode current for two lengths of a multi-wire harness was 
less than 10 dB in the 20 MHz to 200 MHz frequency range. 
Keywords: cable harness, automotive, system-level radiated emissions, equivalent source, 
common-mode current. 
1. INTRODUCTION 
Early prediction of radiated emissions can save time, money and resources [1]-[3]. 
Individual components are usually tested for radiated emissions problems before they are 
fitted into the complete system, but passing the component-level tests does not guarantee 
the system will also clear the radiated emissions requirements [4], [5]. The common-mode 
currents on the cable harnesses, and thus the associated radiated emissions, can vary 
significantly between the component and system because the common-mode load 
impedance may change significantly with changes in the harness configuration. A method 
is needed to predict the system-level emissions early in the design process using relatively 
simple component level tests.  
Prediction of common-mode currents on cable harnesses has been the subject of 
numerous previous studies [4]-[11]. Common-mode currents can be predicted if complete 
information about the system is known [4], [11] but it is a time-consuming process. 
Moreover, knowing complete information about the system is not practical. In [6] and [7] 
the common-mode current is predicted reasonably considering the load information is 
known. Equivalent common-mode source information is found for the group of circuits 
terminated with impedances larger and smaller than the characteristic impedance of the 
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transmission line (approximating an open and a short respectively). In [6], the equivalent 
common-mode sources are estimated by changing the length of the harness and measuring 
the magnitude and phase of the common-mode current on each length. Measuring the phase 
of the common-mode current on real systems is tricky because the currents are time-
varying. The prediction accuracy depends on the source impedances of the dominant 
drivers of common-mode current. For better accuracy, the source impedances of dominant 
drivers should be similar. However, the existence of co-dominant drivers with different 
source impedances is possible in real systems. In [7], the equivalent common-mode sources 
are estimated using only the magnitude of the common-mode current on the harness when 
the source is lifted above the ground plane.  Lifting the source introduces common 
impedance coupling between the sources which is not accounted in the formulations. 
The objective of the following paper is to develop an experimental technique to 
efficiently determine the characteristics of equivalent common-mode sources which can 
reliably predict the common-mode currents on a variety of cable harness configurations. 
Central to this objective is creating a technique which requires description of only a few 
sources, rather than source information for every pin and coupling between every pair of 
pins, which could require thousands of measurements. The number of sources is reduced 
by grouping them according to their load impedances, which are assumed to be known for 
every pin. The loads do not have to be exactly the same but can be grouped into relatively 
broad categories, for example, if their impedance is small or large compared to the 
characteristic impedance of the transmission line over the frequency range of interest. The 
source voltages and impedances are measured for these groups along with the coupling 
impedances between them, by connecting the sources together through a characterization 
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board so that measurements can be made on entire groups at one time. Once determined, 
the source information may be used to predict the common-mode current based on the 
harness configurations. Radiated emissions can then be predicted from these common-
mode currents through simulations [4], [5], [10], [12]-[15]. 
The theory and application of the approach are explained in the following 
paragraphs. The proposed technique was validated by determining the equivalent sources 
for a tractor engine controller. Common-mode currents were then predicted on harnesses 
of two different lengths and compared to measurements. The results show the potential of 
the technique to predict common-mode current on a variety of harness configurations.  
2. THEORY 
In a typical harness configuration, each wire has a source voltage, source 
impedance, common coupling impedance and a load as shown in Figure 1a. The common-
mode current can be predicted accurately if all the information about the system is known. 
However, less information about the common-mode circuits is available in practical 
systems because it is mostly parasitic. It is possible to measure the source characteristics 
of each circuit but the measurements can get very time consuming because not only the 
source voltages and impedances of individual circuits is needed, the coupling between all 
the circuits is needed too. There could be as many as 100 pins in a system, in which case 
100 source voltages and impedances are needed along with 4950 coupling impedances 
which can take unreasonable time to measure. Obtaining the accurate relative phase 
between the voltage sources would also be not possible due to a large number of circuits.  
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The spatial distribution of currents along the length of the transmission line depends 
on the impedance of the load compared to the characteristic impedance of the transmission 
line. Loads that are much smaller or much larger than the transmission line give roughly 
the same spatial distribution of currents. To simplify the complexity of a harness with a 
large number of common-mode circuits, an ‘equivalent cable bundle method’ is proposed 
in [4], [5], [11], and [16] where a large number of circuits in a harness are represented by 
an equivalent circuit depending on the source and load impedances. The proposed method 
is based on the similar concept. Here, the common-mode circuits are grouped depending 
on the size of the load impedances and hence only the load information is needed. Circuits 
terminated with similar load impedances are grouped together and equivalent source 
information is found through measurements for the equivalent circuits. The equivalent 
source model of a complex harness is shown in Figure 1b.  
Wires in the harness shown in Figure 1a are terminated with two types of loads i.e. 
‘Group 1’ and ‘Group 2’. The equivalent circuit contains two circuits terminated with these 
two loads for which the source information needs to be measured. Vs,g1, Vsg2, Zs,g1 and 
Zs,g2 are the equivalent source voltages and impedances for circuits terminated with loads 
‘Group 1’ and ‘Group 2’ respectively. Zshared is the common impedance between the two 
equivalent circuits representing the coupling. One huge advantage in grouping the circuits 
is that the number of sources and coupling impedances that needs to be characterized are 
greatly reduced as seen in Figure 1. The example shown in Figure 1 has two groups of 
loads, in practical circuits, there could be more than two groups e.g. loads that are much 








Figure 1. Common-mode circuit representing the harness:  a) Original multi-wire harness. 
b) Equivalent two-wire system. 
 
 
Once the termination loads are known, the pins on the system are grouped 
depending on the termination impedances. Source characteristics are measured for the 
group of pins sorted by the termination impedances. A characterization board is used to 
measure the equivalent source information for the groups. The characterization board is 
designed to short all the pins in the same group so that the equivalent sources can be 
measured for each group. It is fitted on the device under test (DUT) very close to the pins 
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during measurements. Measurements are done using RF connectors soldered for each 
group on the characterization board. The equivalent sources are then used to estimate the 
common-mode current on a model of the equivalent transmission line.  
The method is validated on a real system and the results are discussed in the 
upcoming sections. The system under test will be discussed first where the pins are grouped 
depending on the load terminations. The characterization board and equivalent source 
measurement procedure will then be discussed. Finally, the common-mode prediction 
results and improvements will be discussed. 
3. DEVICE UNDER TEST 
The DUT used for validation of this method is an engine controller with 7 active 
pins. 5 pins are used to power the controller with a DC power supply and the remaining 2 
pins are used for data sensing. The DUT is powered up through a standard Line Impedance 
Stabilization Network (LISN) using a cable harness laid 5 cm above the ground plane as 
shown in Figure 2. The impedance offered by the LISN for the wires which are used to 
power up the DUT is 50 ohms each. Therefore the common-mode load impedance for this 
group of wires is 25 Ohms being parallel with each other. This is much lower than the 
characteristic impedance of the harness which is approximately 300 Ohms. The data pins 
are left open at the load because typically the data sensor outputs are small capacitances 
offering high impedances at frequencies below a few hundred megahertz. Keeping them 
open is also helpful for this validation as it forms another set of pins that can be grouped 
as being terminated with impedance much higher than the characteristic impedance of the 
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transmission line. This way two groups of load terminations for this system are formed, i.e. 
group 1 with 25 Ohms offered by the LISN and group 2 with a parasitic capacitance of 5-
15 pF at the open termination.   
 
 
Figure 2. Grouping of the wires in the cable harness. 
4. CHARACTERIZATION BOARD 
A self-made characterization board is used for preliminary validation of this method 
as shown in Figure 3a. Figure 3b shows the circuit diagram of the board. The board is 
designed to short the pins corresponding to group 1 and group 2. In group 1, two DC 
blocking capacitors are soldered between power and ground such that they are shorted at 
the frequency of source characterization while providing an open at DC to power up the 









Figure 3. a) Characterization board mounted on the DUT. b) Circuit diagram of the 
characterization board. 
 
The characterization board is fitted on top of the DUT for measurements. Placement 
of the characterization board close to the pins on the DUT is important to minimize the 
parasitic inductance introduced by the connecting pins as shown in the cross-sectional view 
in Figure 4a. This parasitic impedance can affect the measurement of equivalent source 
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Figure 4. a) Minimizing parasitic inductance. b) Modified DUT connector. 
 
On the DUT, a plastic sleeve around the connector obstructing the characterization 
board from being placed close to the pins was removed so that the board fits as close to the 
pins as possible. Figure 4b shows the original connector with the plastic sleeve and 




5. COMMON-MODE SOURCE CHARACTERIZATION 
The equivalent source impedances were measured using a network analyzer at the 
two RF ports available on the characterization board. For the system under consideration, 
three impedances were needed to be measured i.e. the equivalent source impedance of the 
two circuits and the coupling impedance between them. Two port S-parameter 
measurements were performed and then converted to Z-parameters. The common 
impedance between the two ports measured by the network analyzer (Z21) represents the 
common impedance coupling between the two circuits. The coupling impedance (Z21) was 
subtracted from the impedances seen looking into each circuit (Z11 and Z22) to obtain the 
equivalent source impedance for the two circuits.  
The equivalent source voltages were measured in time-domain using two channels 
of an oscilloscope as shown in Figure 5. Corrections in the measured source voltages were 
needed since the two circuits were coupled. Corrections were incorporated by circuit 
analysis and by calculating the contribution of the current from one circuit to the other 
through the coupling impedance.  












],                                             (1) 
where 
𝐴𝑥 =
(𝑍𝑠ℎ𝑎𝑟𝑒𝑑 + 𝑍𝑠,𝑔2 + 𝑅𝑜𝑠𝑐) ∗ 𝑅𝑜𝑠𝑐










(𝑍𝑠,𝑔1 + 𝑅𝑜𝑠𝑐) ∗ (𝑍𝑠ℎ𝑎𝑟𝑒𝑑 + 𝑍𝑠,𝑔2 + 𝑅𝑜𝑠𝑐) + (𝑉𝑠,𝑔2 + 𝑅𝑜𝑠𝑐) ∗ 𝑍𝑠ℎ𝑎𝑟𝑒𝑑
, 
𝐵𝑦 =
(𝑍𝑠ℎ𝑎𝑟𝑒𝑑 + 𝑍𝑠,𝑔1 + 𝑅𝑜𝑠𝑐) ∗ 𝑅𝑜𝑠𝑐
(𝑍𝑠,𝑔2 + 𝑅𝑜𝑠𝑐) ∗ (𝑍𝑠ℎ𝑎𝑟𝑒𝑑 + 𝑍𝑠,𝑔1 + 𝑅𝑜𝑠𝑐) + (𝑉𝑠,𝑔1 + 𝑅𝑜𝑠𝑐) ∗ 𝑍𝑠ℎ𝑎𝑟𝑒𝑑
. 
Vx and Vy are the voltages measured by the oscilloscope for circuits terminated 
with group 1 and group 2 respectively. Rosc is the input impedance of the oscilloscope. 
 
 
Figure 5. Equivalent source voltage measurement setup 
 
The relative phase between the two equivalent circuits is needed for common-mode 
current prediction. The relative phase was calculated from the fast fourier transform of the 
time domain voltages measured for each equivalent circuit. Due to the time-varying signals 
from the DUT the equivalent source voltages needed to be measured simultaneously on the 
oscilloscope channels for accurate phase measurement. Only two oscilloscope channels 
were required because two types of load impedances exist in the system i.e. impedances 
much larger and much smaller than the characteristic impedance of the harness. The 
  
35 
number of oscilloscope channels required for equivalent voltage measurement is the same 
as the number of groups. The phase of the circuit terminated with group 1 was assumed as 
0 degree and the relative phase of the circuit terminated with group 2 was calculated by 
fast fourier transform.  
The source voltages measured on the DUT are time-varying resulting in the 
different frequency spectrum for voltages measured at different times. To capture the peak 
voltages at all frequency points, the source voltages were measured multiple times at 
different time instances. The common-mode current was predicted for each set of 
measurement and then the peak current among these at all frequencies were compared with 
the measured peak common-mode current. 15-20 voltage measurements were found 
enough to find the peak common-mode current throughout the frequency range of interest.     
6. PREDICTION OF COMMON-MODE CURRENT 
To validate the technique, the measured source characteristics were used to predict 
the common-mode current on a harness and were compared against the true common-mode 
current found from measurements. The cable harness consists of 7 wires which were placed 
5 cm above a large ground plane forming a transmission line connected to the DUT at one 
end and a LISN at the other end as shown in Figure 6. As discussed previously in section 
III, two data wires were left open at the LISN end of the harness and five were terminated 




Figure 6. Measurement setup for common-mode current. 
 
The DUT was powered by a DC power supply through the LISN. Two different 
lengths of cable harnesses, 1 m, and 2 m were used for validation. The common-mode 
current was measured at three locations: near the source, at the middle and near the load. 
Common-mode current on the harness was measured using FCC F-61 RF current 
clamp. A low noise amplifier, ZFL-1000- LN+ was used to improve the signal-to-noise 
ratio because the magnitude of the common-mode current on the harness was low and was 
comparable to the noise floor of the measuring instrument. The common-mode current was 
measured on an R&S FSV30 spectrum analyzer with 100 kHz resolution bandwidth. The 
spectrum analyzer was set to provide optimal measurement sensitivity i.e. the RF 
attenuation was kept 0 dB and the pre-amplifier was turned on. To measure the peak 
common-mode current across the frequency range, max-hold trace was used on the 
analyzer.   
The common-mode current was predicted in a circuit simulator using the equivalent 
source model shown in Figure 1b. The 7-wire cable harness was modeled as equivalent 
two-wire transmission line using the ‘equivalent cable bundle’ approximation described in 
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Section II. The two-wire transmission line was modeled in the circuit simulator by using 
approximately the same cross-sectional geometry as in the original cable harness i.e. the 
two wires were placed 5 cm above the ground plane separated by 2 mm to 10 mm distance 
from each other. The wires in the cable harness were insulated with thick insulation of 
approximately 1 mm and hence the minimum separation was kept as 2 mm. The maximum 
separation between the wires was found to be up to 10 mm due to random twisting along 
the length. The separation between the wires controls the coupling between them and the 
height above the ground plane controls the characteristic impedance.  
As discussed in the previous section, the equivalent source voltages were measured 
multiple times due to the time-varying signal from the DUT. Common-mode current was 
predicted for each measured voltage and the maximum envelope among the predicted 
currents was compared with the worst-case current measured on the real system.  
7. RESULTS 
The peak common-mode current comparison between the measured and predicted 
current on the DUT is shown in Figure 7. Prediction results are shown for the realistic 
loads, i.e. 25 Ohm of the LISN and the parasitic capacitance of 5-15 pF of the open 
termination and for idealistic loads, i.e. an ideal short termination and an ideal open 
termination. Results with idealistic loads are compared because in few practical circuits, 
the real load impedances may not be accessible to measure but may approximately be 












Figure 7. Common-mode current on: a) 1 m harness near the source. b) 1 m harness at 
the center of harness length. c) 1 m harness near the load. d) 2 m harness near the 













,                                            (2) 
where 𝐼𝑝𝑡 is the predicted common-mode current, 𝐼𝑚𝑡 is the measured common-
mode current and T is the total number of frequency points.  
The worst RMS error calculated by (2) among the three locations for 1m and 2m 
long harnesses with realistic loads is 6.35 dB and 7.40 dB respectively and that with 
idealistic loads is 9.53 dB and 9.91 dB respectively. 
8. DISCUSSIONS AND CONCLUSIONS 
Information about the load impedances is essential for this technique so that many 
circuits in the system can be grouped into a few equivalent circuits and the number of 
sources that need to be characterized are significantly reduced as explained in Section II. 
This reduces the measurement time and efforts significantly.  
The measurements performed in this work assumes two groups of load terminations 
i.e. terminations which are much smaller and much larger than the characteristic impedance 
of the transmission line. This is a reasonable assumption as many practical load 
terminations are inductive or capacitive hence offering either much smaller or much larger 
impedances at frequencies below few hundred megahertz. At higher frequencies, this 
assumption starts to fall apart as the impedance of an inductor start to increase and 
impedance of a capacitor start to decrease over frequency. This is the reason for the 
mismatch between the measured common-mode current and the predicted current with 
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ideal loads in Figure 7.  More than two groups of load impedance can exist in other practical 
cases e.g. a matched load. However, large or small impedances are typically important for 
radiated emissions as matched terminations do not introduce resonances.  
A handmade characterization board is used for the measurements in the presented 
work. A well-fabricated board with less parasitic is expected to reduce the error between 
the predicted and measured common-mode current. 
  An approximate model of the equivalent transmission line based on the cross-
sectional geometry of the original harness is used for prediction in this work. A more 
accurate model of the equivalent transmission line can be used for prediction using the 
‘equivalent cable bundle method’ explained in [4], [5], [11], and [16]. Since a large number 
of wires are represented by only a few equivalent wires, a better transmission line model 
should represent the coupling between the wires more accurately. The model used in this 
study is only approximate and only mimics the geometrical dimensions of the original 
harness. However, the results show that the coupling between the wires in this generic 
model is still captured with reasonable accuracy.  
The loads used for prediction, i.e. LISN impedance for group 1 and parasitic 
capacitance for group 2 are only expected values and are not measured. Using measured 
loads can result in lesser errors in predicted common-mode current than approximate loads. 
Limitation of this method is that the information about the load impedances must 
be known in order to group the common-mode circuits and to reduce the measurement 
efforts. Another limitation is that different characterization boards are required for different 
devices because the pin map for the devices will not be the same. However, fabrication of 
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the characterization board for different circuits is not difficult as it is only used to 
group/short the pins.   
The method demonstrates that after characterizing the equivalent sources, the 
common-mode current can be predicted for a wide range of system configurations. Once 
the common-mode current is found, system-level radiated emissions can be predicted. 
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2. SUMMARY AND CONCLUSIONS  
The research presents two methods to characterize the common mode currents in a 
harness bundle, using a few simple measurements at the component level. This 
characterization can be used to predict the common mode current on harnesses of arbitrary 
lengths even if the characteristic impedance of the harness changes. Once the common 
mode current is known, there are a variety of techniques that can be used to estimate the 
system-level radiated emissions. 
The major advantage of the approach is that the measurement efforts that are needed 
to predict the common-mode current are greatly reduced. The advantages and limitations 






Sameer Sudha Arun Walunj earned his Bachelor of Science in Electronics and 
Telecommunication Engineering from Mumbai University, India in 2013. After 
completion of his bachelor’s degree, he worked as a Research Scientist at the Society for 
Applied Microwave Electronics Engineering and Research, Mumbai, India for 3 Years. As 
a graduate student in the Electrical Engineering Department at Missouri University of 
Science and Technology, he worked as a Graduate Research Assistant under Dr. Daryl 
Beetner from December 2016 until August 2019. He received his Master of Science in 
Electrical Engineering from Missouri University of Science and Technology in December 
2019. 
 
